INTRODUCTION
Neutral mesons such as e.g. η, K, ω, η ′ can potentially form bound states with atomic nuclei. In this case the binding is exclusively due to the strong interaction and the bound state or mesic nucleus -can be considered as a meson captured in the mean field of the nucleons. Due to the strong attractive η-nucleon interaction [1, 2] , the η-mesic nuclei are some of the most promising candidates for such states.
Experimental confirmation of the existence of η-mesic nuclei would be interesting on its own but it would be also valuable for investigations of the η−N interaction and for the study of in-medium properties of the N * resonance [3] and of the η meson [4] . It could also help to determine the flavour singlet component of the η wave function [5] .
The existence of η-mesic nuclei was postulated in 1986 by Haider and Liu [6] . Experimental searches have been performed by several past experiments [7] [8] [9] [10] [11] while ongoing investigations continue at COSY [12] [13] [14] [15] [16] [17] , JINR [18] , J-PARC [19] , MAMI [20] and are planned at GSI [21] . Many promising indications where reported, however, so far there is no direct experimental confirmation of the existence of mesic nuclei.
In the region of the light nuclei systems such as e.g. η-He the observation of a strong enhancement in the total production cross-section and the phase variation of the scattering amplitude in the close-to-threshold region provided strong evidence for the existence of a pole in the scattering matrix which can correspond to a bound state [22] . In particular, a very strong final state interaction (FSI) is observed in the dd →
4
Heη reaction close to kinematic threshold and is interpreted as a possible indication of 4 He−η bound state [23] . This suggests, that the 4 He−η system is a good candidate for the experimental study of a possible binding. This conclusion is strengthened by the predictions in Reference [1] .
However, as stated in Reference [24, 25] , the theoretical predictions for the width and binding energy of the η-mesic nuclei are strongly dependent on the subthreshold η-nucleon interaction which is not well understood. Therefore, direct measurements which could confirm the existence of the bound state are mandatory.
Taking into account the above arguments and the fact that in the light nuclei systems the bound states are expected to be much narrower compared to the case of the heavy nuclei [26] , we performed a search for η-mesic 4 He at the Cooler Synchrotron COSY-Jülich with the WASAat-COSY detector [27] . He−η bound state we expected to observe a resonance-like structure in the excitation function below the threshold for the production of the Hepπ − decay mode. The WASA-at-COSY detector is described in detail in Ref. [29, 30] . It consists of two main parts: the Forward Detector dedicated to the measurement of forwardscattered projectiles and target-recoils, and the Central Detector, optimized for measuring of photons, electrons and pions originating from decays of mesons and excited baryonic states. The forward part consists of several layers of plastic scintillators allowing for particle identification on the basis of the ∆E-E and ∆E-∆E information and a proportional drift chamber providing track coordinates. The Central Detector is composed of an electromagnetic calorimeter, a cylindrical drift chamber and a barrel of plastic scintillators. A superconducting solenoid provides a magnetic field for momentum determination of the tracks of charged particles measured in the drift chamber. The scintillators provide fast signals for the first level trigger, and together with the drift chamber and the calorimeter, are used for charged particle identification via ∆E-p and ∆E-E methods. WASA-at-COSY uses an internal target system which provides pellets of frozen hydrogen or deuterium. During the present experiment the cooling system of the superconducting solenoid was broken and, therefore, no magnetic field was provided. During the experimental run the momentum of the deuteron beam was varied continuously within each acceleration cycle from 2.185 GeV/c to 2.400 GeV/c, crossing the kinematic threshold for η production in the dd → He was conducted using the ∆E − ∆E technique, comparing the energy losses in two layers of the Forward Range Hodoscope (Fig. 1 ).
The energy loss in the Plastic Scintillator Barrel was combined with the energy deposited in the Electromagnetic Calorimeter to identify protons and pions (Fig. 2) .
The outgoing
3
He nucleus plays the role of a spectator and, therefore, we expect that its momentum in the c.m. frame is relatively low and can be approximated by the Fermi momentum distribution of nucleons inside the He (see Fig. 3 ). Therefore, we compare the excitation functions for the dd → efficiency. The obtained functions for both regions are smooth and no clear signal, which could be interpreted as a resonance-like structure, is visible. We checked also for possible structures in the difference between the excitation functions for the "signal-rich" and "signal-poor" region. We multiplied the function for the "signal-poor" region by a factor chosen in such a way, that the difference of the two functions for the second bin of Q is equal to zero. This difference is presented in Fig. 4 (c) in order to examine the shape of the excitation function before any further selection criteria are applied. The obtained dependence is flat and is consistent with zero. No resonance structure is visible. In addition, further observables were taken into account in order to reduce the background. Additional selection criteria on the p and π − kinetic energy distributions and the p − π − opening angle in the c.m. system were applied. In the N * rest frame this angle is exactly equal to 180
• but due to the Fermi motion it is smeared by about 30
• in the reaction c.m. system (see Fig. 5 ). We also applied a condition on the relative p − π He momentum in the c.m. system. In both plots the dashed line demarcates the "signal-poor" and the "signal-rich" regions. The decrease of the counts at 0.48 GeV/c is due to the geometry of the border of the barrel and the end-caps of the Scintillator Barrel detector which was used in the p − π − identification process. This region has no relevance in the next steps of the analysis.
of protons and pions are compared in Fig. 6 to the distribution expected for the signal reaction dd → ( After the application of the described conditions the number of selected events in each excess energy (Q) interval was divided by the corresponding integrated luminosity and corrected for the reconstruction efficiency.
The absolute value of the integrated luminosity in the experiment was determined using the dd → Hen reaction and the relative normalization of points of the dd → 3 Hepπ − excitation function was based on the quasielastic proton-proton scattering [32] .
The luminosity as a function of the excess energy is shown as triangles in Fig. 7 , is flat within the statisti- cal uncertainties. The geometrical acceptance is about 60% and the overall efficiency including all selection conditions applied in the analysis is about 18% along the whole excess energy range. It is important to stress that both acceptance and efficiency are smooth and constant over the studied range.
The excitation function obtained after the selection criteria on energy and opening angles, the correction for the efficiency and the normalization to the luminosity is presented in Fig. 8 . It can be well described by a second order polynomial (dashed line) resulting in a chi-squared value per degree of freedom of 0.98 and slightly worse by a straight line (solid line). As in the intermediate stage of the analysis (Fig. 4) , the final excitation function exhibits no structure which could be interpreted as a resonance originating from the decay of the η-mesic 4 He.
Since no signal originating from the formation of the 4 He−η bound state was observed, we estimate an upper limit for its production via the dd → ( We assumed that a signal from the bound state in the excitation curve determined as a function of the excess energy Q with respect to the described by a Breit-Wigner shape:
where E BE is the binding energy, Γ is the width of the bound state and A is the cross-section at the central en-
In this way, we assume that there is no interference between the signal and the non-resonant background. In order to determine an upper limit for the cross-section for formation of the 4 He−η bound state and its decay into the extracted value of A is consistent with zero within the statistical uncertainties, which confirms the hypothesis of non-observation of the signal.
In order to calculate an upper limit for the dd → ( cross-section, the standard deviation of the A values (σ A ) obtained from the above described fit were multiplied by the statistical factor k equal to 1.28155 corresponding to the probability confidence level (CL) of 90%. The final results were obtained by averaging the upper limits derived from fits with a background described by the second and first order polynomials.
The examples of the obtained upper limits are given in the last column of Table I . One can notice that these limits depend mainly on the width of the bound state but only slightly on the binding energy. The result for E BE =-20 MeV is shown in Fig. 9 .
SYSTEMATICS
Systematic checks were performed by studying the sensitivity of the result to the variation of the selection conditions performed in the analysis and the assumption taken in the fitting procedure.
Changing the range of the above described selection conditions within ± 10 % gives a result consistent within the statistical uncertainties.
The smooth reconstruction efficiency and the luminosity dependency as a function of excess energy is of high importance because it eliminates the possibility of the creation of an artificial signal due to fluctuation of the acceptance or the luminosity.
Two methods were applied to extract the luminosity dependency as a function of Q. In addition to the normalization calculated on a bin by bin basis, we have estimated the luminosity dependence of Q using a fit of a first order polynomial to the data. The results of both methods are in agreement. However, an overall normalization uncertainty of luminosity is equal to 11.5 % [32] and this value is one of the contributions to the systematic uncertainty of the upper limit.
The description of the background shape with quadratic and linear functions produces additional systematic uncertainty, which was estimated as:
The systematic error grows almost linearly with the assumed bound state width from about 5 % (Γ = 5 MeV, E BE = -20 MeV) to 33 % (Γ = 35 MeV, E BE = -20 MeV) and we take that range as an estimate of the systematic uncertainty due to the assumed shape of the background. An important source of systematic errors comes from the Fermi momentum distribution of nucleons inside the
